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Nomenclature

B waterline breadth of the ship
G coefficient of the total resistance

Cr coefficient of the frictional resistance
Co coefficient of the pressure resistance
F force vector
Fn Froude number
G ship centre of mass
I inertia tensor of the ship in the ship-fixed
reference frame
hy wave height
Ko central longitudinal radius of inertia
Ky central transversal radius of inertia
Ky, central transversal radius of inertia
Les longitudinal position of the buoyancy centre
Lop length between perpendiculars
L length of waterline
M moment vector with respect®
m ship mass
Rn Reynolds number
S transformation matrix
Sy water plane area
K rudder area
T draught of the ship
X,¥,Z axis of the Newtonian coordinate system
z heave motion
D volume displacement of the ship
/ wave length; model scale
X rotational position vector
ship-fixed reference frane
ship-fixed reference frane
ship-fixed reference frane
q pitch angle
w angular velocity vector
Abstract

The paper compares numerical and experimentalsézul

calm water resistance, added resistance and mations

waves, and roll damping of various ship types ffemint
conditions. Resistance in calm water was evaluatibd
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and without the influence of dynamic trim and sgéa
Ship motions and added resistance were measured in
regular waves; roll damping was defined from reitaly
history in calm water. The numerical methods used,
Comet [1] und OpenFOAM [2], are based on the smiuti

of the Reynolds-averaged Navier-Stokes equations
(RANSE) with finite-volume approach. The free aoef

is modelled in the both methods with a volumewdiflike
approach. Both solvers were extended with a maidel
ship motions coupled with the solution of the flow
equations. The studied ships include a Panmasinent
ship, a tanker and a destroyer. In general, cadput
resistance and ship motions agree well with the
measurements. The study was undertaken in a
cooperation between Germanischer Lloyd (GL) and
University Duisburg-Essen (UDE).

1. INTRODUCTION

The Gothenburg Workshop 2000 [3] has shown alrady
years ago, that RANSE-methods are capable of the
computation of ship resistance with a sufficierdusacy.
Since then, no significant developments were usickamtin

the numerical models of the free surface or turimaiemost
developments were devoted to efficiency and robsstaf

grid generation and flow solution.  In additiorgréiicant
progress was achieved in the prediction of shigom®and
loads in seaway, as well as fluid-structure intierac

Nevertheless, the required power of ships wasrdieied
as before from model tests. Interest to numepicaler
prediction might increase in the near future dught®
growing importance of ship energy efficiency ancthded
for the corresponding hull form optimisation.

2. NUMERICAL METHODS
2.1 Flow Solvers
The applied numerical methods solve the conservatio

equations for mass and momentum in their integrah.f
The fluid is assumed viscous and incompressibék ta



flow turbulent, satisfying the Reynolds-averaged
Navier-Stokes (RANS) equations. The solution darigai
subdivided into a finite number of control volumes
arbitrary shape. The integrals over control vokiraed
their faces are numerically approximated using the
midpoint rule. The mass flux through the cell fadaken
from the previous iteration, following a simple &t
iteration. The free surface dynamics is computed
employing Eulerian interface-capturing techniquéshe
volume-of-fluid (VoF) type.

The unknown variables at cell face centres arerdieted

in COMET by combining central- (CDS) and upwind-
(UDS) differencing schemes, blended to obtain adgoo
compromise between accuracy and stability. Nesstip
hull, the blending factor is chosen between 0.8 @ad
The transport equations for the turbulent kinetergy and

its dissipation rate were discretised with upwiffigignces.
The three time level methods are used to integrdime.
Pressure and velocity are coupled by a varianthef t
SIMPLE algorithm [2].  All equations except the gmare
correction equations are under-relaxed using aatela
factor of 0.8, while the pressure-correction equais
under-relaxed with a factor between 0.2 and 0.4 for
unsteady simulations, finding in each case a dwitab
compromise between stability and convergence speed.

In OpenFOAM, the convection terms in the momentum
equations are approximated using a TVD-imitedaline
second-order scheme. The pressure-velocity cguplin
follows the PISO method. Integration in the tinaendin
relied on the use of the implicit Euler or Rungett&u
scheme. To ensure numerical stability, the egcftinces
are underrelaxed.  Although the PISO scheme
pressure-velocity coupling does not require otgeations,
for implicit coupling of flow equations and rigicty
motions such iterations were introduced. At thd eh
each outer iteration, the force equilibrium is &eec  The
normalised difference between fluid and mass faerges
as criterion to stop outer iterations. Since trs figid
body motions in the current time step can be prlivell
based on the previous time steps, the approactergesv
rapidly. ~ For quickly changing hydrodynamic added
masses (e.g. slamming), more outer iterationseaeed.

for

In the both methods, the two-fluid system is medell
following a two-phase formulation of the governing
equations. The spatial distribution of each of tive
fluids is obtained by solving an additional tramspo
equation for the volume fraction of one of the dui
Because no explicit treatment for the free suifaeguired,
overturning (breaking) waves as well as effectsapiped
air can be modelled. In order to avoid numericearing

of the interface, COMET employs a high-resolution
interface-capturing (HRIC) scheme [4], while OpeARD
employs the explicit MULES scheme.
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2.2 Coordinate system and rigid body motions

The nonlinear ship motion equations are coupled thi
flow solver. The equations of motion are solvedhia
Newtonian reference fran@exyzfixed with respect to the
mean position of the ship; its origin is locatedhat centre
of gravity of the shipG and thex-, y- and zaxes point
horizontal forward, horizontal to the port and iceily
upwards, respectively.

In COMET, the coordinate transformation between the

Newtonian and the ship-fixed reference frae is
defined as
X=X, +Sx (@)

where S denotes the transformation matrix afid the
rotational position vector. Following the defioiti of
Euler angles, the transformation matrix resulteomfr
consecutive rotations about the vertizalxis (yaw), the
new transverse-axis (pitch), and the new longitudinal
-axis (roll). The governing equations of motiorre a
expressed as follows:

F =mx;
M =S|I S'w+w” SI S'w

@
©)
where F denotes the resulting force vector, m the mass of

the ship, %5 the translational acceleration vector of G,

M the resulting moment vector with respeciGo h
the inertia tensor of the ship about the axesaoélitiip-fixed

(local) reference frame, antf’ the angular velocity vector.
Integration in the time domain applied an implicit
trapezoidal method [5].

In  OpenFOAM, quaternions [6] are wused for
transformations between coordinate systems to avoid
singularities.

3. REFERENCE SHIPS AND TEST CASES
3.1 Test Ships

The study was undertaken for three ship typesnen®@a
container ship (KCS), an oil tanker (KVLCC2) and a
destroyer (DTMB 5415); the main dimensions are shiow
Table 1. A series of model measurement results at
different institutes was provided to the participaof the
workshop (http:/mww.gothenburg2010.org).  In #tisdy,
computations of resistance and motions in wave® wer
carried out for the container ship and the oil éands well

as roll decay simulations for the destroyer, TebkesA.



Table 1 Full scale dimensions of the used geometries

KCS KVLCC2 | DTMB
Lpp M 230.0 320.0 142.0
Lwe, M 2325 3255 142.18
Bw, M 32.2 58.0 19.06
T,m 10.8 20.8 6.15
ont 52030 312622 8424.4
Cs 0.6505 | 0.8098 0.5070
Sw, nf 9424 27194 2972.6
S Nt 115.0 2733 30.8
Les, Ydppfwd | -1.48 -1.48 -0.683
ko/B 0.40 0.40 0.37
Ky/Lpp Kedlpp | 0.25 0.25 0.25

3.2 Calm Water Resistance Test Cases

Calm water resistance was calculated only for dntater
ship; test cases are shown in Table 2.

Table 2 Resistance test cases for container ship KCS

Case 2.2a 2.2b

Fn 0.26 0.1083"”, 0.2274, 0.2816

RM0’ 14 052,1.1,14

Rudder yes Yes

Experimental data resistance  resistance, sinkiage, t

Experiments MOERI MOERI

W OperFOAM computations were not carried out for
this case

3.3 Ship Motions and Added Resistance in Waves

The model tests were performed
Measurements and simulations concern heave ahdapitc
the container ship and tanker, as well as the agdistince
of the tanker, see Tables 310 4.

Table 3 Test Case 2.4a for container ship KCS

C1 Cc2 C3 C4
Fn 0.26 0.26 0.26 0.38
Rr.0° 6.52 6.52 6.52 8.27
scale 52.667 52.66)/ 52.667 52.667
/Iy 0.50 115 2.00 1.38
h,, mm 36 84 146 97
Table 4 Test cases in regular waves for the tanker
Cases 1.4aandc Case 1.4b
Cl| C2|] C3] C1| C2| C3 C4 G5
Fn 0.1420.1420.142 0.00Q 0.142 0.142 0.142 0.18Z7
RMO® | 259 259 255 00 54 54 54 69
scale 100 100 100Q 58 58 58 58 58
[ 0.6 11 1.60.91710.63640.63640.91710.6364
hy, 60 60 6012266 27| 140 138 150
mm

For Cases 1.4a and b, surge motion was restraimid,
for Case 1.4c, it was additionally modelled. Tiwnedr
springs are modelled, attached to the model atethiee of
gravity and acting horizontally in Newtonian cooate
system.

3.4 Roll Damping for DTMB

Simulation of the roll decay test was performed for
destroyer DTMB with the roll axis fixed &for Fn=0.138,
Rre2.5640° in model scalé=46.59:; initial roll angle 10

4. COMPUTATIONS
4.1 Numerical Grids

The numerical grids consist of predominantly hestedie
control volumes and are fully unstructured. Thesgare
refined around the wetted hull surface and expdoted
surface position.  Sufficiently far away from tteéps the
grids were coarsened in order to dampen the wangs a
thus avoid reflection from the boundaries. An eplarof

the grid around the containership is shown in Egdrand

2. The innermost cell thickness was chosen s dhat
average, the dimensionless distance from theyivallas
between 25 and 50. For calm water and head wave
conditions, only half ship was modelled by settiag
symmetry plane at the centre line. To avoid disinces

at outer grid boundaries, these boundaries westelhat a
distance of one (for seakeeping analyses) to {ogdm
water analyses) ship length ahead of the bow, two
(seakeeping) to six (calm water) ship lengthsfdfteostern,
one (seakeeping) to three (calm water) ship lemgitieath

in head waves.the keel and two (seakeeping) to three (calm watdjp)

length to the side. The top grid boundary wastdoca
above the deck at a distance equal to half lerfigitie ship.

The numerical grids were generated with an opercsou
grid generator SnappyHexMesh [7]; only for the KieSt
Cases 2.2a and 2.2b the grids for COMET compugation
were produced with a commercial program StarCCM+.
For seakeeping analyses, the same or similar gets
usually used for the computations with OpenFOAM and
COMET. The grid resolution depends on the wavgten
and Froude number; significantly more cells wekslder

the simulations with short waves and small Froustebers

in order to resolve incoming, radiated and diféedatvaves.

The rigid body motions were accounted for by grid
deformation. The solution of the motion equatigie&ls

the displacement of the vertices on the ship kndiile
vertices on the water bottom, inlet and outlet fexed.
The displacement of the cell vertices inside the
computational domain is determined using a grid
deformation algorithm. For the estimation of tpatisl
discretisation error, grids of varying density wersed.
Table 5 indicates the numbers of cells used.



imposed at the outlet and (for OpenFOAM) also top
boundaries. Numerical diffusion caused by theseogiid

aft of the ships damped the incident wave and lige s
waves to such an extent that no significant wallecten
occurred at the outlet boundary.

k-e andk-w SST turbulence models with wall functions
were used in COMET and OpenFOAM, respectively.

4.3 Initial conditions

) . Initial flow velocities were calculated from theipsispeed
Fig.l  Example of grid at the free surface for the KCS (for calm water conditions) or from the superpositof
ship speed with orbital particle velocities of rmeér Airy
wave (for incoming wave conditions). \olume frang
were initialised taking into account a linear Aigave for
seakeeping computations. At the beginning of sitiaus,
the ship was set without trim and heel; only inrtiliedecay
simulation an initial heel of 2@vas used.

4.4 Convergence
Calm water conditions

OpenFOAM computations were started on the coaige gr
The flow variables were then interpolated ontane fine
grid and the simulation continued; this procedesel$ to a
quicker convergence. Simulation of the flow caeith
untl a stationary or a periodic solution was reach
Figures 3 and 4 show examples of convergenceibsstor
time for Case 2.2b obtained with OpenFOAM and
COMET, respectively (the model was fixed until tid@0

s and then unrestrained).

Fig.2  Domain extensions for KCS

Table 5 Number of finite volumes

Number of cell§ 10°°

Ship Condition | coarse Medium  Fine Incoming wave conditions

KCS calm 707 7507, | 27007,
water 7007 100¢? For incoming waves longer than about one ship Hettige
regular | 100-2067| 200-5067 | 600-1208?|  numerically predicted ship motions become periwdiew
waves wave periods. However, for shorter incoming wathess,

KVLCC | calm - - - disturbances due to the initial condition remaiatikely
water long. In such cases, more than 10 periods welysu
regular [ 100-208”| 200-50&” | 600-1208 required until periodic ship motions are achieved.
waves

DTMB | rolldecay | 78 5007 100 e ‘ " GpenFoAw a—

@ Grid used for COMET os | DpenFOAM coarsegrid -

@ Grid used for OpenFOAM r/v W

®  larger numbers of cells correspond to shorter svave spf \

4.5 i

4.2 Boundary Conditions

CT x 1000

4
The front boundary of the computational domain was -
specified as inlet with known velocities (reverssp 35 ¢
speed for calm water conditions or a superpositibn
reversed ship speed and orbital particle veloadfethe s 10 20 ” pn 50
linear Airy wave for incoming wave conditions), waie Time [s]

fraction, turbulent kinetic energy and its dissgratate. A rjg 3 Convergence in time of resistance on coarse and

slip boundary condition was specified on the sidd a fine grids (OpenFOAM for 2.215:n=0.2816); the model
bottom boundaries. A no-slip condition with spedif is released at 100 s

velocities due to ship motions was enforced onhilile
surface. Hydrostatic pressure boundary conditi@s w
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© \ ‘ ‘ "Gomet ‘ : 5. RESULTS
-0.2 | Comet coarse grid - E
EFD
| 5.1 KVLCC2
8 -08 R
R | Test Case 1.4a
1.2 1
aal \ | No measurements were available for this test case.
e =N . Computations were performed with OpenFOAM and
e L é(; E o ;U e COMET. Figures 6 to 8 show time histories of heave:
Time [s] pitch motions and total resistance coefficientj@&tshows
o1 ‘ ‘ omer ‘ ; the amplitude and the phase of the first Fouriembaic,
0o0s | Cometcoarsegrid | derived from the time histories. OpenFOAM shows on
] the average larger motions than COMET.
(o]
. 005 Table 6 Computational results for Case 1.4a
o ] Heave Pitch
015 \‘ﬂwJ;&fwxwh&w,ﬁa‘w_, ampl.,| phase, ampl.,| phase,
mm deg. deg. deg.
o2 0 20 20 40 50 60 70 80 Cl | COMET 1.28| 102.13 0.09 -172.78
o - Time (5] OpenFOAM 163 10359 01 -167.69
Comet carse gria C2 | COMET 17.70| 151.6] 14R  -142.67
5 EFD ] OpenFOAM 2162 15641 181 -13547
el C3 | COMET 27.04| -103.04 200 -50.33
3 OpenFOAM 2775 -101.30 224  -46.84
2 4.6 |- VoV - S
6 S - 8 S 1.4a - C1 - Heave
4.4
OpenFOAM
4.2
+ o] 1‘0 éO 30 4‘0 50 60 7‘0 80

Time [s]

Fig4  Convergence in time of sinkage (top), trim
(middle) and resistance (bottom) on coarse andjfide
(COMET simulations for the same case as in Fig.3)

1.4a - C1 - Pitch

12 14
T [s/s]
1.4a-C1-Cy

15 20
vT [s/s]

1.4a - C3 - Pitch

OMET, n=690k
OMET, n=292k
OMET, n=113k

12
VT [s/s]

10
/T [s/s]

Fig5  Time series of trim for Test Cases 1.4a C1 for Fig6 ~ OpenFoam and COMET heave (top), pitch
COMET and OpenFOAM (top) and C3 for COMET on  (middie) and total resistance (bottom) for casa 1.4
different grids (bottom)y is the number of cellg=10° condition C1
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1.4a- C2 - Heave 1.4a - C3 - Heave

5.5

V(A YT [s/s]
1.4a - C2 - Pitch 1.4a-C3- Pitch

55
YT [shs]

5.5
YT [s/s]

Fig.8 OpenFoam and COMET heave (top), pitch
(middle) and total resistance (bottom): case 1l1.4a
condition C3

/T [s/s]

Fig.7 OpenFoam and COMET heave (top), pitch
(middle) and total resistance (bottom) for case 1.4
condition C2

Test Case 1.4b

Computations were performed with OpenFOAM and Table 7 Computational results for Case 1.4b

COMET; Table 7 shows a summary of the results. .9Fig

shows examples of time histories of heave and pitch %?ﬁve’ mmlst Othh’ de%st
monqns and total resistance coefficient for on¢heftest ampl.| ampl.| ampl| ampl.
conditions, C4. Cl [ COMET 0.223] 18439 -0.091 1541
OpenFOAM 2315 15491 0004 1414
Computational results for short waves (conditios C3 EFD -0.130| 13378 0028 1.638
and C5) show small ship motions and small addedCc4 | COMET 6.100| 12482 0191  1.323
resistance; however, the transient phase is long |n OpenFOAM 3427 13079 0188  1.358
comparison to the oscillation period and thus reguarge EFD 5.625| 11081 -0137r  1.3%7

simulation time until a periodic solution is aclady
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1.4b - C4 - Heave 1.4c- C2 - Surge

4 6 ) 2 6 8
YT [s/s] t[s]
1.4b - C4 - Pitch 1.4c - C2 - Heave

OMET——
FD o

2

4 6 - e
YT [s/s] T [s/s]
1.4b-C4-Cy 1.4c- G2 - Pitch

4 6
/T [s/s]

Fig9 OpenFoam and COMET heave (top), pitch Fig.10 Surge motior, heave motiomand pitch angley
(middle) and total resistance (bottom) for casd 1.4  (OpenFoam and COMET for case 1.4c condition C2)
condition C4

Test Case 1.4c: COMET
Table 8 Computational results for Case 1.4c

This test case concerns ship motions and addsthres in

head waves for a model attached to the carriagineoy surge | heave pitch
means of springs. The springs were modelled as |a 1st Oth st o" 1st
horizontal force proportional to the relative dig@ment ampl., | ampl., | ampl., | ampl., ampl.2
between the model and the carriage; thus, surgemvaas mm_ | mm_ | mm |° "
also taken into account. c1 | COMET 149 | -3516| 1316 -0241 0.085
EFD 173 | -3200| 1.900 -0.09( 0.110
Computations were performed with COMET; Table § o, |COMET| 214 | -3300] 17613 -0243 139
shows the amplitudes of the Oth and 1st harmamicsifge, EFD 2.08 | -2880| 1990 -0.13) 1510
heave and pitch motions and Fig.10 shows timeriistof | ~, | COMET | 5.68 | -3188] 26.753 -0.243 1958
surge, heave and pitch for test condition C2. EFD 7.88 | -2.800| 26.600 -0.180 1.790
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5.2 KCS
Test Case 2.2a: COMET

Calculations were performed with COMET fen=0.26
with restrained trim and sinkage; Fig.11 shows emyed
free surface elevation and Table 9 shows therestistance
coefficient, as well as coefficients of frictiondapressure
forces for the two grids used in comparison wite th
measured resistance.

Z-coord._[m]
0422
0410
0.399
0.388
0377
0366
0355
0344
0333
0322
0311
0.300

.5

Fig.11 Free surface computed by COMET for Case 2.2a

Table 9 COMET results for Case 2.2a

Test Case 2.2b: COMET

Calculations performed with COMET fdFn=0.1083,
0.2274 and 0.2816 with unrestrained trim and sikag
Fig.12 shows converged free surface elevation Her t
Froude number 0.1083 and Table 11 shows the total
resistance coefficient for the Froude numbers 3,108
0.2274 and 0.2816, as well as the coefficientesitance
components for the two grids used, in comparisdim tive
measurements.

Z-coord._[m]
0365
0362
0359
0356
0353
0350
0346
0343
0340
0337
0334
0331

Fig.12 Comet free surface for case 2213;0.1083

Table 11COMET results for Case 2.2b

CH0 | CAO | CAC
Medium 3.706 2.872 0.834 CcA0 CAC | CACG | Sinkage, | Trim,
Fine 3.618 2.879 0.739 0108 m deg.
. 5 - .
nggrence fine vs. med., % 355‘;3 - 0.24 - 1286 Medium 3836] 3293 0548 0145 -0.0B3
' Fine 3691] 3297 0.394 0145 -0.0B4
Difference fine vs. EFD, % 171 | - - Fine vs. med., % 398 012 3782 000 294
EFD 3.796 - - 0090 -0017
Fine vs. EFD, % 2.71 6111 -100.00
Fn=0.2276
Medium 3577] 2979 0598 0947  -0.1B0
Fine 3493 2994 0508 0945 -0.1B2
Test Case 2.2a: OpenFoam Fine vs. med., % 240 037 1889 0pl 129
EFD 3467 - - 0944 0127
Calculations were performed with OpenFOAM for| Finevs. EFD, % 0.75 0.11 -3.78
Fn=0.26 with restrained trim and sinkage; Table Xiwsh | Fr=0.2818
the resistance coefficient in comparison with messents. ~ |-Medium 4574] 2923 1649 1695 0149
Fine 4517| 2948 157p 1696  -0.150
Fine vs. med., % 126 068 490 06 067
Table 100penFOAM results for Case 2.2a EFD 4501 B - -1.702 -0.159
Fine vs. EFD, % 0.34 2.70 5.66
CH0 | CAC0 | CAC
Medium 4,000 2.842 1.158
Fine 3544 | 285 | 0688  TestCase 2.2b: OpenFoam
Difference fine vs. med., % 12.867| 0.49 68.314
EFD 3557 | - - Calculations performed with OpenFOAM for Froude
Difference fine vs. EFD, % 0365 | - - numbers 0.2274 and 0.2816 with unrestrained trich an
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sinkage. Table 12 shows the total resistanceaestffor
the Froude numbers 0.2274 and 0.2816 in compasition
the measured resistance, as well as the coefiicit
resistance components for the two grids used.



Table 120penFOAM results for Case 2.2b

CHC | GAC | CAC | Sinkage, | Trim,
m deg.

Fr=0.2274
Medium 3583] 2.874 098p 0121
Fine 3505 2.995
Fine vs. med., % 22 397
EFD 3.467 - - 0944 0127
Fine vs. EFD, % -1.14 - -
Fr=0.0.2816
Medium 39 2.86 1.04 168 0201
Fine 445 292 1.53 178 0161
Fine vs. med., % 12.3p 205 3203 843 24
EFD 4501 - - 1702  -0.159
Fine vs. EFD, % 1.13 - - -458 -1.26

Fig.13 OpenFoam and Comet heave (top),
(middle) and total resistance (bottom) time histofor
case 2.4, condition C2

50
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Test Case 2.4: COMET and OpenFOAM

Simulations were performed with COMET and
OpenFOAM in head waves for a model unrestrained in
heave and pitch and moving with a prescribed fatwar
speed. Figures 13, 14 and 15 show time histakiekip
motions and total resistance for the conditions@2and

C4, respectively; Table 13 shows a summary of
computational results (OF denotes OpenFOAyBNdA;

are the amplitudes of the Oth and 1st harmonics,
respectively) in comparison with the measurements.

2.4 - C3 - Heave

2.4 - C3 - Pitch

OpenFOAM
COMET

Fig.14 OpenFoam and Comet heave (top), pitch
(middle) and total resistance (bottom) time histofor
case 2.4, condition C3



Fig.15 OpenFoam and Comet heave (top), pitch
(middle) and total resistance (bottom) time histofor
case 2.4, condition C4

Table 130penFOAM and COMET results for Case 2.4

heave pitch Cr 10°
AO0, mm AL, mmphase] A0,° | A1,° |phasé] AO,N [ AL N | phasé,
COMET -842] 0.9432007}-0.128 0.05410250 1.794 1779 -714
ClloF -8488  1.048 22.1640.15] 0.053104.99 3.92% 2.13] 285365
EFD [ |
COMET 6496 37.80821.1260.019 2.122 12.89 7.344 3440 66.94
c2loF -5.860 38.819-19.7700.023 2.16514.052 6.817 3.343 62.849
EFD -5.43p 39.544 -20570.064 2.09% 8.48% 7.160 20420 81.87
COMET 6540 65.020 -1.13¢:0.037 3.129 63.80 2.982 24271 75.4]
c3|oF -7.07h 65.088 0.764-0.080 3.14165.089 4.880 25.95¢ 80.87:
EFD -6.578 67.328 -3.10.062 315650270 6.033 32070 70.81
COMET -11.905 55.33426.0480.14] 2548 1644 5558 3.843 89.21
c4loF -11.27B 55.999-24.616:0.117 2.57317.661 8.090 4.155 92.399
EFD | -12.274 61.811 -18.280.067 252346.097 8.716 35.39-260.210

5.3 DTMB5415
Test Case 3.6

For the destroyer DTMB, only roll decay was sinadat
Time history of roll angle is shown in Fig.16. Hig
shows logarithmic decrement of roll amplitude \al r
amplitude for two OpenFOAM simulations (medium and
fine grids) and measurements.

Fig.16 GL OpenFoam roll decay results for case 3.6b

0.50
0.40 + |
: "l
0.30 - | l
: :
0.20 - | l
: :
010 | - |-t ~k-OFfe | __.______.
! ! e - OFmiddle | ' | I
: : = EFD : roll amplitude, deg.
0.00 T T T T T T T T |
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
Fig.17 Logarithmic decrement (/. vs. roll

amplitude /; for roll decay test 3.6b; OF denotes
OpenFOAM results, ‘fine’ and ‘middle’ fine and
medium grid size, respectively

6. CONCLUSION

Computational results agree well with the measunésiier
almost all studied test cases, especially for haaslepitch
amplitudes (1st harmonics) for the wave lengtlesagit for

the excitation of ship motions, as well as calmewat
resistance, trim and sinkage. A significant diffee is
noticed between the computed and measured amgifude
the longitudinal force in waves; the authors sugges
shortcomings in the measurements or their posepsow,
because the reference measured amplitudes of the
longitudinal force in waves appear unrealisticdiigh.



Further, differences are noticed between measuterzieth
computations for shorter waves (wave length of &8

Ly Or less). Note however that the corresponding shi [1]
motions are relatively small and, therefore, arssitee to

small disturbances in the computations and measatem

on the one hand, and less relevant for the pramticthe

other. 2]

Moreover, marginal differences are found between th
measured and computed average values of all stipnsio  [3]
(Oth harmonics). These values are extremely small
because of the almost linear ship motions (heayiteh)

for the studied relatively small wave heights,efee their
comparison cannot be done here with confidence.

Comparison of the measured and computed phases d¢]
motions appears challenging. To the opinion of the
authors, small uncontrollable uncertainties cath tedarge
changes in the measured phases.

Simulated roll decay test agrees well with the
measurements with respect to both amplitude afobipefr  [5]
the motion.

The influence of the grid density on the computeip s  [6]
motions is remarkably small. The computed motions
hardly change for the cell numbers already aboverif5.

This is because the dominating Froude-Krylov fozas

be accurately resolved with relatively coarse grids (7]

On the other hand, the influence of the grid dgiasitthe
calm water resistance is significant, becausenéofFtoude
numbers studied here (below 0.28) viscous effeds a
dominating. At the same time, the influence of gfid
density on the calm-water trim and sinkage is again
insignificant, because these are defined mostlythey
primary wave system of the ship, which can be atelyr
resolved with relatively coarse grids.

Computed ship motions for long waves become periodi
very quickly (after about two wave encounter pesjotith

a suitable initialisation of the flow velocitiesinding ship
speed and the orbital velocities due to the wadktlaa
corresponding pressure field. For shorter wahesstip
motions become periodic only after many encounter
periods (usually more than 5). The reason is rittial i
disturbance of the flow field, which require mucloren
time in short waves.

In general, the results of COMET and OpenFOAM agree
well, although the solvers use different pressafeeity
coupling (SIMPLE vs. PISO) as well as different
interpolation schemes.

The application of deforming grids for the implernagion
of ship motions proved robust and efficient foihtsivers.

The experience with OpenFOAM shows that computation
of calm-water resistance on a coarse grid andpekdtion
onto a finer one significantly accelerates converge
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